Objectives: There are subclinical neurologic deficits in cirrhotic patients without overt hepatic encephalopathy. We aimed to use 18 F-fluorodeoxyglucose PET/computed tomography to explore the impaired brain glucose metabolism of subclinical hepatic encephalopathy in cirrhosis.
Introduction
In end-stage liver diseases such as cirrhosis, toxic substances are inadequately detoxified. Toxic substances therefore reach the brain and alter its function, resulting in hepatic encephalopathy (HE). HE manifests as a spectrum of cognitive and motor abnormalities ranging from minimal deficits to coma. HE severity has traditionally been graded with the West Haven Criteria (WHC), which allow classification into two broad categories: covert HE (CHE) for WHC grades of 0-1 and overt HE (OHE) for WHC grades of 2-4 [1] . CHE lacks the recognizable clinical manifestations of OHE but is associated with mild cognitive, motor control and concentration/attention deficits [1, 2] . CHE occurs in up to 53% of patients with cirrhosis [2] and is linked to worsened clinical outcomes [3, 4] . One longitudinal study of patients with cirrhosis (mean follow-up length: 4.8 years) found that 16 out of 34 (47%) patients with CHE subsequently developed OHE, which suggests that the presence of CHE can predict the subsequent development of OHE [2] .
However, no gold standard for diagnosing CHE exists, and the diagnosis is only possible through various combinations of specialized psychometric and neuropsychological examinations [5] . Although these measures are generally sensitive and reproducible, their application across populations is limited by the need for highly specialized personnel and specific equipment and the lack of standardization and validated translations [3] . Further work is necessary to develop an optimal and widely accepted diagnostic strategy for CHE [5] . Studies of patients with cirrhosis without OHE may elucidate the underlying pathophysiology and aid the development of accurate diagnostic strategies.
Many researchers have been using structural and functional neuroimaging techniques in attempts to identify
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early biomarkers of brain impairment in patients with cirrhosis without OHE. They have reported various brain structural and functional abnormalities such as increased T1-weighted MRI signal intensities in the globus pallidus [6] , impairments in basal ganglia-thalamocortical circuits [7] , elevated glutathione levels in visual and sensorimotor areas assessed with magnetic resonance spectroscopy [8] , decreased myoinositol/creatine and choline/creatine ratios and increased glutamine/creatine and glutamate/creatine ratios [9] and reduced functional connectivity in the default-mode network [10] . In mean diffusivity and fractional anisotropy maps, some white matter regions (i.e. the bilateral frontal lobes, corpus callosum and parietal lobes) may distinguish patients with minimal HE from those without HE with 75.4%-92.3% classification accuracy [11] . PET [12, 13] and single-photon emission computed tomography (SPECT) [14] techniques revealed altered cerebral blood flow (CBF) patterns in patients with cirrhosis.
Despite these efforts, neurologic dysfunctions in patients with cirrhosis remain poorly elucidated, and the cerebral abnormalities involved in HE remains unclear, especially at the molecular level.
18
F-fluorodeoxyglucose ( 18 F-FDG) PET/CT is an efficient early detection technique for brain disorders such as Alzheimer's disease and epilepsy [15] [16] [17] . The spatial distribution of FDG uptake significantly correlates with functional MRI-derived metrics such as regional homogeneity, the fractional amplitude of low-frequency fluctuations and degree of centrality maps [18, 19] . Glucose metabolism imaging may provide comprehensive and complementary information for decoding cerebral functions and networks [20] . Consistent with the critical cerebrophysiological role of glucose metabolism, impaired glucose metabolism constitutes the pathophysiological basis for many brain disorders. Investigating brain glucose metabolism may therefore facilitate explorations of the mechanisms underlying neurologic dysfunctions and identify biomarkers for early-stage HE in patients with cirrhosis. In this study, we used 18 F-FDG PET/CT to test the hypothesis that patients with hepatitis B virus (HBV) related cirrhosis without OHE would exhibit abnormal brain glucose metabolism patterns.
Methods

Ethics statement
This single-center retrospective study complied with institutional guidelines and regulations and was subject to approval by the Ethics Committee of the first author's hospital. This study was conducted in accordance with the principles of the Declaration of Helsinki.
Study population
All participants' records and information were anonymized before analysis. The patients with cirrhosis underwent whole-body PET/CT for the following reasons: patients with alpha-fetoprotein elevation, undiagnosed liver lesions (the final diagnosis of benign lesions such as hepatic cyst or hemangioma) and patients with contraindications for enhanced CT or MRI examinations. The control group underwent whole-body PET/ CT for cancer-screening. Informed consent was obtained from all individual participants in this study. From May 2015 to March 2017, 152 HBV-related cirrhotic patients without head trauma, mental illness, neurodegenerative disease (e.g. Alzheimer's disease and Parkinson's disease), hypo-or hyperthyroidism, renal failure, chronic heart disease, drug or alcohol dependence or a previous history of alcoholism were consecutively enrolled. Brain CT and PET/CT scans were conducted on all patients. We excluded patients with clinical OHE diagnoses or histories of OHE, which were based on the Spectrum of Neurocognitive Impairment in Cirrhosis classification system [1] . To rule out non-cirrhosis-related effects on the brain, our other exclusion criteria included primary or metastatic brain tumours, interventional therapy, stroke, diabetes and prior surgery. The control group comprised individuals without cirrhosis. Fifty-eight controls without histories of cardio-cerebral diseases, mental illness, drug or alcohol dependence or a history of alcoholism were consecutively enrolled. The exclusion criteria of the control group were the same as the patients. All the participants, including the patients and the controls, underwent whole-body PET/CT tumour-screening in our hospital and showed no evidence of a malignancy. This malignancy-free status was confirmed in follow-up visits 6 months after the PET/CT scans. We excluded individuals with fasting plasma glucose levels higher than 6.1 mM or poor-quality PET/CT images marked by head motion artefacts and blurred cerebral contours. Patients with incomplete clinical data or PET imaging data missing were also excluded.
Clinical assessment
The Model for End-Stage Liver Disease (MELD) was initially developed to predict survival in patients undergoing transjugular intrahepatic portosystemic shunt operations, and it has been recognized as a major contribution to hepatology [21] . MELD incorporates three widely available laboratory variables: the international normalized ratio, serum creatinine and serum bilirubin. We calculated MELD scores with the following formula: MELDscore = 9.57 × In(Creatinine, mg/dl) + 3.78 × In(bilirubin, mg/dl) + 11.2 × In(INR) + 6.43.
PET/computed tomography acquisition
All participants underwent resting-state 18 F-FDG PET/ CT with a clinical PET/CT scanner (Philips GEMINI TF 64; Philips, Amsterdam, the Netherlands) after fasting for ≥8 hours. After plasma glucose levels were verified, participants were injected with 3.7 MBq 18 F-FDG per kilogram of body weight (~220-440 MBq) and then rested with their eyes open in a quiet, dimly lit room. They were asked to refrain from reading, listening to music or talking during the uptake period. A separate whole-body PET/CT scan (from lower jaw to upper thigh) was performed for diagnosis before brain scan with the starting time of 40-60 minutes after the FDG injection. The brain scan consisted of a simultaneous CT scan and 5-minute PET scan. A fully three-dimensional brain model was reconstructed from the 90 PET scan slices (128 × 128 pixels; 2-× 2-mm pixel size, 4-mm slice thickness) via a line-of-response row-action maximum likelihood algorithm. The brain CT data, which were acquired with a 120-kV voltage, a 240-mA current, and a 5-mm slice thickness, were used for attenuation correction of the PET images.
Data processing
We used Statistical parametric mapping 8 (SPM8; Wellcome Department of Cognitive Neurology, Institute of Neurology, University College London) implemented in MATLAB 7 (The MathWorks, Natick, Massachusetts, USA) for image processing. PET images were interpolated to a 2 × 2 × 2 mm voxel size, spatially normalized to the standard PET template embedded in SPM8, adjusted to the Talairach stereoscopic brain atlas, and further smoothed with a Gaussian kernel with a 5-mm fullwidth at half-maximum.
Statistical analysis
The data of characteristics in patients and controls were expressed as mean and SD unless otherwise stated. Differences between groups were tested using independent-samples t-test or Pearson's chi-square test in SPSS13.0. A P value of less than 0.05 was considered statistically significant.
Using SPM, two-sample t-tests, adjusted for age, BMI, sex, blood glucose and acquisition time were performed to compare the brain glucose metabolism between patients with cirrhosis and the controls, and the global normalization was applied. We also performed a multivariate analysis with a general linear model to investigate the associations between brain glucose metabolisms and MELD scores. The results were visualized using xjView (http://www.alivelearn.net/xjview) toolbox, an automated coordinate-based Talairach and Montreal Neurological Institute labelling system and a viewing program for SPM. Clusters of at least 50 voxels with significant intergroup differences (P < 0.001, corrected for multiple comparisons via a family-wise error method) are reported.
Results
We consecutively enrolled 152 patients with HBV-related cirrhosis and 58 controls. Based on the exclusion criteria, we excluded 115 patients and nine controls (Fig. 1) . This left 37 patients (mean age: 52; male/female: 25/12) and 49 controls (mean age: 51; male/female: 32/17) in our study.
The distributions of selected characteristics among the patients and controls are shown in Table 1 . All participants were right-handed and of Han Chinese ethnicity. The median MELD score was 15 (range: 5-29), and most (30/37) had a score of <20. The two groups did not significantly differ in baseline characteristics such as sex ratio, age, plasma glucose level, smoking history, BMI and the starting time of PET/CT acquisition (P > 0.05), but they did significantly differ in blood uric acid level and serum levels of bilirubin, albumin, total protein, sodium, potassium, alkaline phosphatase, alanine aminotransferase and aspartate aminotransferase (P < 0.0001).
A whole-brain analysis of glucose metabolism revealed regions of both increased and decreased uptake in the patients' brains ( Fig. 2 and Table 2 ). In this study, SPM displayed a maximum intensity projection of the statistical map on a glass brain in three orthogonal planes, and the coloured figures provided additional quantitative information via the colour bar (Fig.2) . The relative increased-uptake regions included the hippocampus, parahippocampal gyri, right basal ganglia and circumventricular organs, and the relative decreased-uptake regions included the parietal, occipital and limbic lobes. No regional glucose metabolism abnormalities were significantly associated with MELD scores.
Discussion
This study focussed on brain glucose metabolism patterns in patients with HBV-related cirrhosis without OHE. A whole-brain analysis of glycometabolism revealed clusters of both increased and decreased glucose uptake Flowchart of study population selection and the exclusion criteria.
within the patients' brains. These results suggest that chronic liver disease is associated with impaired glucose metabolism in brain regions of attention, executive functions, visuospatial coordination and psychomotor functions.
PET and SPECT studies of CBF showed that CBF increases in the basal ganglia and decreases in the limbic cortex in patients with chronic liver disease. This observation could have been anticipated given the prominent and persistent neuropsychiatric symptoms associated with chronic liver disease [12, 22] . Structural and functional MRI studies provide plentiful evidence of abnormalities in patients with minimal HE [23, 24] . In Qi et al.'s study [24] , the grey matter volumes of patients with minimal HE was increased in the thalamus and decreased in the frontal and temporal cortices, caudate, putamen, amygdala, paracentral lobule, anterior and middle cingulate cortices and supplementary motor area. Zafiris et al. [25] showed that minimal HE is associated with impaired coupling between visual judgment areas. Zhang et al. [7] concluded that widespread cortical and subcortical network connectivity changes, including weakening and strengthening of connections, were related to neuropsychological impairment in minimal HE. Our observation of hypo-and hypermetabolic brain regions is reasonably consistent with the results of previous studies in terms of structure and function, but they are not identical. This may be due to differences in the study participants and imaging methods.
In this study, extensive parts of the parietal, occipital and limbic lobes were located in the regions with significant FDG uptake reductions, and the calcarine, lingual and angular gyri covered abnormal spatial ranges. Parts of the parietal and occipital cortices are responsible for attention and visuospatial functions [26, 27] . It has been suggested that patients with subclinical HE have abnormalities in areas responsible for attention, visuospatial coordination and psychomotor speed/reaction times [28] . The decreased regional FDG uptake in our study may be associated with dysfunctions in attentional and visuospatial abilities in patients with cirrhosis, and our findings support the hypothesis that the brain areas associated with these functions are selectively affected in cirrhotic patients without OHE. Lockwood et al. [29] reported that hypermetabolism was found in the visual associative regions based on the comparison between five patients with alcoholic cirrhosis and nine controls, which were different from our results. The different aetiologies of our participants may result in different patterns of cerebral glycometabolism, as it is reported that patients with alcoholic cirrhosis commonly had learning and memory deficits which were not evident in other aetiological cirrhosis, but the deficits in attention and concentration were not aetiologically specific [30] .
On the other hand, we observed relative increased FDG uptake in the hippocampus, parahippocampal gyri, right basal ganglia and circumventricular organs. Several PET and SPECT studies consistently showed that glucose metabolism, ammonia metabolism and CBF were increased in the basal ganglia, parahippocampal gyri and lingual gyrus in patients with cirrhosis [13, 29, 31] . D'Mello et al. [32] examined a mouse model of inflammatory liver injury and confirmed that activated monocytes infiltrated the basal ganglia, hippocampus and motor cortex and that activated microglia clustered in the periventricular regions and areas close to blood vessels. The accumulation and activation of monocytes and microglia in these brain regions may induce increased glucose uptake. We speculate that increases in 18 F-FDG uptake are partially associated with these inflammatory cells.
As for the mechanism of the influences by liver cirrhosis on brain function, the reported liver-to-brain signalling mechanisms include hyperammonemia and systemic inflammation, which cause activation of microglia, neuroinflammation and neuronal dysfunction [33] . In the subclinical HE, the patients with cirrhosis manifest as a spectrum of dysarthria, ataxia, flapping tremor, disorientation and obvious slow mental processing [34] , and the minimal brain function changes can be characterized by the decreased/increased 18 F-FDG uptake via brain PET/ CT imaging. The findings in our study suggest a role for neuro imaging technique for the assessment of regional metabolic alterations in relation to brain dysfunction in cirrhotic patients without OHE.
It has been suggested that the MELD is a more ideal and objective survival model in patients with end-stage liver disease than Child-Turcotte-Pugh [21] , and the MELD score was used to prioritize liver allocation in the US as of 27 February 2002. The calculation of the MELD score does not require 'subjective' assessment of HE. In our study, 30 of 37 the cirrhotic patients had a score of <20, and it was observed no regional glucose uptake was significantly associated with MELD score. Yoo et al. [35] reported that the MELD score did not correlate well with severity of HE, and the scores were not significantly different in patients with or without HE. Our results may be a kind of supplement to Yoo's study from the perspective of molecular imaging.
Our study has several limitations. First, we could not adequately assess the correspondence of cerebral glucose metabolism with the participants' results on neuropsychiatric tests, such as the number connection test, block design test or digit symbol test. Second, our retrospective study population included patients with cirrhosis without OHE, so it might have included both patients with CHE, which is minimal HE with Grade I changes according to the WHC, and unimpaired patients who had no clinical, neurophysiological, or neuropsychometric changes. Distinguishing between these two groups is very important in clinic, and future prospective studies would examine how they can be distinguished. Third, we enrolled the subjects with a single aetiology of HBV-related cirrhosis, and we thought it could avoid the bias caused by different aetiologies. However, exploring the characteristic brain metabolism of different aetiologies needs further study in the future. Moreover, analysing the brain metabolic pattern with the follow-up of the patients may provide important clinical value, considering that patients of brain glucose metabolism is more likely to develop into OHE. This preliminary study explored disordered brain glycometabolism in patients with HBVrelated cirrhosis but establishing the clinical importance of our findings necessitates prospective studies with large samples and multidisciplinary collaborative approaches, and brain PET studies using specific radiopharmaceutical markers would likely be useful in such future studies.
Conclusions
Our study maps the glucose metabolism impairments in the brains of HBV-related cirrhosis patients without OHE, and the combination of increased and decreased cerebral glucose metabolism represents the anatomical and pathophysiological bases for the expression of subclinical HE. Because these deficits are not clinically obvious, our findings have important implications for the management of CHE patients with chronic HBV-related cirrhosis.
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